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A grand unification model with a single E8 gauge superfield in 10 dimensions is presented. It is
shown that, through the orbifold T 6/(Z6 ×Z2) and its corresponding Wilson lines, the symmetry is
broken to the Standard Model one. Furthermore it is shown that the model is anomaly free at all
levels without the need to add any extra field content. Thus a complete unification of the Standard
Model into a single gauge superfield is achieved consistently.
The unification of all known gauge interactions
into (perhaps) a single one has been a driving force
for theoretical high energy physics for at least the
past half century. During that time, several devel-
opments have enriched theoretical physics not only
with specific models and plausible scenarios, but also
with new techniques and methods that can and have
been used in contexts other than unification.
The basic idea of gauge unification is based on
the premise that there is a large gauge group that
contains the Standard Model (SM) one, namely
SU(3)C ×SU(2)L×U(1)Y , and that all other fields
present in the SM are included in some of its repre-
sentations. Then, upon symmetry breaking, one ob-
tains the exact structure of the SM at low energies,
including the possibility of additional low energy
states that might lead to interesting phenomenol-
ogy [1–4].
The groups SU(5), SO(10) and E6 have become
prototypical gauge groups for Grand Unified Theo-
ries (GUTs), and models have been created by using
them in many different scenarios. The literature is
quite vast and robust, and the study of GUTs (in-
cluding of course other gauge groups than the afore-
mentioned) is a subject that has had a very prolific
life (see [5, 6] for general description and general ref-
erences). Among the most salient results and char-
acteristics of GUTs one can mention the following:
in part due to the nice feature of gauge coupling
unification, most GUTs tend to be supersymmetric.
This is certainly not a requirement, however super-
symmetry (SUSY) does provide several theoretical
tools that make it appealing. Most GUTs predict
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proton decay and this puts a stringent constraint
on the models (already excluding the simplest ones)
that must be considered.
Although GUTs are constructed and analyzed
within the realm of quantum field theory (QFT),
string theory based constructions have been widely
explored as well. This has led to a very active sub-
field of the so-called string phenomenology that at-
tempts to connect string theory results with high
energy (low energy) physics. In particular, the role
of geometry (compactification and orbifolding) has
been an important ingredient in the effort to gener-
ate plausible GUTs from string theory based scenar-
ios.
An interesting and welcome consequence of these
efforts has been the use of extra dimensions in the
context of QFT that has also allowed the formu-
lation of non-stringy, extra dimensional arguments
and modeling, providing more routes of exploration
[7].
In this letter, E8 is used as the gauge symme-
try of a unification model in 10 dimensions. Among
the gauge groups that one can use to formulate a
GUT, E8 has one particular virtue that makes it
very attractive: its adjoint representation (248) is
also the fundamental representation. This allows
the complete particle content of the SM (fermions
and bosons) to lie in the same representation [8]. Of
course, one then needs to find a way to dismantle this
representation into what is observed at low energies.
Note that the fact that it is possible to include ev-
erything into the adjoint representation immediately
suggests an N = 4 super Yang Mills (SYM) theory
in four dimensions (4d), which has the property of
being completely finite. While this is nice in princi-
ple, it is very far from a realistic scenario. In fact,
E8 is commonly ”passed on” due to the fact that it
only has real representations and therefore mecha-
nisms to generate chirality must be introduced [9].
An interesting mechanism is found in scenarios with
extra dimensional orbifolds. Using the framework of
orbifolding, it has been recently shown that one can
consistently unify all the SM gauge fields, fermions
and scalars, into a singleE8 gauge superfield in 10 di-
mensions, that upon orbifold breaking generates the
Minimal Supersymmetric Standard Model (MSSM)
and a flavor gauge symmetry. This can be accom-
plished with the orbifold T 6/(Z6 × Z2) [10]. This
model however requires the introduction of several
additional fields in order to cancel anomalies asso-
ciated to the remaining flavor symmetry. This is
done by suitably adding certain appropriate repre-
sentations of fermions localized in specific branes to
cancel the anomalies, as is typically done in string
motivated constructions.
The logic behind the construction presented in [10]
resides in the fact that one can start from N = 1 E8
SYM in 10d, compactified using an orbifold which
breaks both the E8 and the would-be extended N =
4 SUSY in 4d, to the SM group with N = 1 SUSY
in 4d, while removing the mirror fermions (included
in E8 models to solve the chirality problem) [11, 12].
These ideas appear naturally in superstring the-
ory, however they are independent of strings and
rarely discussed in field theory. This motivates the
following question: Is it possible, within the QFT
framework alone, to find the appropriate geometry
(namely orbifold) for an E8 model with a single ad-
joint representation, that renders the SM at low en-
ergies without any additional fields to cancel anoma-
lies? i.e. Is it possible to have a pure gauge - com-
plete - E8 unification model consistent with the SM?
In this letter an affirmative answer to this question
is given. A consistent model is presented, with a
single E8 gauge superfield in 10d, broken through
orbifolding into the MSSM. Furthermore it is shown
that the theory is anomaly free at all levels. Thus,
the message intended for this communication can be
succinctly stated as follows: It is possible to build
a SM-consistent GUT consisting only of the vector
superfield associated to E8 in 10d, without the need
of any extra field content.
To accomplish it, the scenario involves both sym-
metry breaking by the orbifold and the Wilson lines
associated to it, so it is completely a geometri-
cal construction. The breaking of the symmetry
through orbifolding uses boundary conditions on ro-
tations of the extra dimensional coordinates, effec-
tively providing different masses to different states.
The breaking associated to Wilson lines, through
boundary conditions on translations, is due to the
generation of vacuum expectation values (VEVs).
These simultaneous boundary conditions define the
orbifold through a non trivial twist of the extra di-
mensional components of the Poincare` group.
The key observation is that the low energy effec-
tive theory is a result of the integration of massive
Kaluza-Klein (KK) modes as well as some would-be
zero modes that obtain mass through Wilson line
induced VEVs (the mass scale is the same for both,
namely the compactification scale). Thus, the low
energy theory is composed of the remaining modes
and, importantly, it must be anomaly free by itself.
As described below, this is non trivial and strongly
restricts the possibilities, leading to a very definite
model.
The theory is anN = 1 SYM theory in 10d for the
gauge group E8. There is a single 10d vector gauge
superfield V(x, z1, z2, z3) (where x denotes the un-
compactified 4d coordinates in R4 and the zi denote
three complex coordinates of the remaining compact
6d space) that decomposes into a 10d vector field
and a 10d Majorana fermion (which in 10d is also a
Weyl fermion). This superfield is in the V(248) ∼ 248
representation of E8. The 10d vector superfield V
decomposes into a 4d vector superfield V and three
4d chiral superfield multiplets φ1,2,3, which implies
N = 4 SUSY in 4d after compactification, with a
lagrangian [13, 14].
L = 1
32
τ
∫
d2θ WαWα +
∫
d2θd2θ¯φ¯ie2gV φi −
−
∫
d2θ
√
2gφ1[φ2, φ3] + h.c., (1)
where i = 1, 2, 3. Note the explicit SU(3)R ×U(1)R
symmetry remaining from the rotation between the
three complex coordinates and the complex rotation
in all of them. The simple SUSY related to U(1)R is
separated from the extended one, related to SU(3)R.
The extra dimensions have the Poincare` symme-
try O(6) ⋉ T 6/Γ, where O(6) are rotations, and T 6
are translations. The translation group is modded
by the lattice vectors Γ = {τai } ≃ Z6 which makes
the space compact R6 → T 6 ≃ R6/Γ due to the pe-
riodicity conditions, zi ∼ zi + τri , where i = 1, 2, 3,
for each complex dimension and r = 1, 2, for each
basis vector for a torus. For the T 6/(Z6 ×Z2) torus
these are defined as
τ1i = 1, (τ
2
1 , τ
2
2 , τ
2
3 ) =
(
eipi/3,
eipi/6√
3
,
eipi/6√
3
)
. (2)
The extra dimensions are further assumed to be orb-
ifolded by a discrete group F so that the actual extra
dimensional space is T 6/F where F ∈ O(6) is a dis-
crete subgroup of the rotation group. The group F
2
must be a symmetry of the lattice FΓ = Γ to con-
sistently define an orbifold. The rotation group is
O(6) ≃ SO(6) × Z2 ≃ SU(4) × Z2. If one desires
to keep simple SUSY after orbifolding (leave an un-
broken U(1)R), then F ⊂ SU(3). The most general
Abelian orbifolding that preserves N = 1 SUSY is
F ≃ ZN×ZM ⊂ SU(3), with positive integers N,M
[15]. From them, the T 6/(Z6 ×Z2) is singled out as
the one closest to the SM [10].
The T 6/(Z6 × Z2) orbifold is defined as:
(x, z1, z2, z3) ∼ (x, α2z1, α5z2, α5z3),
(x, z1, z2, z3) ∼ (x,−z1,−z2, (−1)2z3),
(3)
where α = e2ipi/6 and −1 = e2ipi/2 . The Z6 and
Z2 rotations are consistent as they are equivalent to
lattice transformations.
There are no non-trivial discrete Wilson lines in a
Z6 orbifold. There can be three independent contin-
uous Wilson lines which have to be aligned with the
zero modes, to be discussed below. It is important
to emphasize that these Wilson lines are associated
to the existence of the orbifold.
With the unique requirement that the zero modes
have three chiral families, in T 6/(Z6 × Z2) one has
only two non-trivial choices for the E8 breaking. The
first one is studied in [10] and it has a symmetry
E8 → SU(4)PS × SU(2)L × SU(2)R × U(1)X′ ×
SU(3)F .
The second choice is
Z6 : φ→ e2ipiqX′/6φ, Z2 : φ→ e2ipi(qY +qT8F )/2φ, (4)
which breaks E8 → SU(4)PS ×SU(2)L×SU(2)R×
U(1)X′ × U(1)F × SU(2)F . This is the breaking
considered in this letter.
The 10d gauge superfield V(248) decomposes as
in table I with their corresponding orbifold charges
(color coding is as in [10], specifically blue is for SM
fermions and green is for Higgs bosons).
The zero modes are the ones in table I with (1,1)
charge, namely
Vµ : (15, 1, 1, 0, 0, 1) + (1,3,1, 0, 0,1) + (1,1,3, 0, 0, 1)
+ (1,1,1, 0, 0,1) + (1,1,1, 0, 0, 1) + (1,1, 1, 0, 0, 3),
φ1 : (6,1,1,−2, 1,2) + (1,2,2,−2,−2,1) + (1,1,1, 4, 1, 2),
φ2 : (4,2,1, 1,−2,1) + (4¯,1,2, 1, 1,2),
φ3 : (4,2,1, 1, 1,2) + (4¯,1,2, 1,−2,1),
(5)
which can be named as
Vµ : Gµ +W
L
µ +W
R
µ + Z
′
µ + Z
F
µ +W
F
µ ,
φ1 : T + h+ Φ, φ2 : f + F
c, φ3 : F + f
c.
V φ1 φ2 φ3
V(15,1,1,0,0,1) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,3,1,0,0,1) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,1,3,0,0,1) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,1,1,0,0,1) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,1,1,0,0,3) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,1,1,0,0,1) 1, 1 α
2,−1 α5,−1 α5, 1
V(1,1,1,0,−3,2) 1,−1 α
2, 1 α5, 1 α5,−1
V(1,1,1,0,3,2) 1,−1 α
2, 1 α5, 1 α5,−1
V(6,2,2,0,0,1) 1,−1 α
2, 1 α5, 1 α5,−1
V(4,2,1,−3,0,1) α
3,−1 α5, 1 α2, 1 α2,−1
V(4¯,1,2,−3,0,1) α
3, 1 α5,−1 α2,−1 α2, 1
V(4¯,2,1,3,0,1) α
3,−1 α5, 1 α2, 1 α2,−1
V(4,1,2,3,0,1) α
3, 1 α5,−1 α2,−1 α2, 1
V(6,1,1,−2,1,2) α
4,−1 1, 1 α3, 1 α3,−1
V(6,1,1,−2,−2,1) α
4, 1 1,−1 α3,−1 α3, 1
V(6,1,1,2,−1,2) α
2,−1 α4, 1 α, 1 α,−1
V(6,1,1,2,2,1) α
2, 1 α4,−1 α,−1 α, 1
V(4,2,1,1,1,2) α, 1 α
3,−1 1,−1 1, 1
V(4,2,1,1,−2,1) α,−1 α
3, 1 1, 1 1,−1
V(4¯,1,2,1,1,2) α,−1 α
3, 1 1, 1 1,−1
V(4¯,1,2,1,−2,1) α, 1 α
3,−1 1,−1 1, 1
V(1,2,2,−2,1,2) α
4, 1 1,−1 α3,−1 α3, 1
V(1,2,2,−2,−2,1) α
4,−1 1, 1 α3, 1 α3,−1
V(1,1,1,4,1,2) α
4,−1 1, 1 α3, 1 α3,−1
V(1,1,1,4,−2,1) α
4, 1 1,−1 α3,−1 α3, 1
V(4¯,2,1,−1,−1,2) α
5, 1 α,−1 α4,−1 α4, 1
V(4¯,2,1,−1,2,1) α
5,−1 α, 1 α4, 1 α4,−1
V(4,1,2,−1,−1,2) α
5,−1 α, 1 α4, 1 α4,−1
V(4,1,2,−1,2,1) α
5, 1 α,−1 α4,−1 α4, 1
V(1,2,2,2,−1,2) α
2, 1 α4,−1 α,−1 α, 1
V(1,2,2,2,2,1) α
2,−1 α4, 1 α, 1 α,−1
V(1,1,1,−4,−1,2) α
2,−1 α4, 1 α, 1 α,−1
V(1,1,1,−4,2,1) α
2, 1 α4,−1 α,−1 α, 1
TABLE I: Z6 × Z2 orbifold charges of each
SU(4)PS × SU(2)L × SU(2)R × U(1)X′ × U(1)F × SU(2)F
N = 1 superfield. Only the superfields with both charges
equal to unity (the singlets 1, 1) have zero modes.
Note that the zero modes above are the ones asso-
ciated to rotation boundary conditions only. Some
of them are actually massive (with compactification
scale mass) due to the Wilson line induced VEVs
and thus not present in the low energy theory: the
three independent Wilson lines are used to generate
the VEVs for the SM singlet fields
〈φ1〉 : 〈Φ〉, 〈φ2〉 : 〈F c〉, 〈φ3〉 : 〈f c〉, (6)
where the 〈F c〉, 〈f c〉 are aligned in the right handed
sneutrino component.
This describes the complete orbifold breaking pro-
cess at the compactification scale that leads to a low
energy model with the SM gauge group SU(3)C ×
3
SU(2)L × U(1)Y with the following fields:
Vµ : (3,1, 0) + (1,3, 0) + (1,1, 0),
φ1 : (1,2, 3) + (1,2,−3) + 2× (1,1, 0)
+ 2× (3,1, 0) + 2× (3¯,1, 0),
φ2 : (3,2, 1) + (1,2,−3) + 2× (1,1, 6,−1)
+ 2× (3¯,1,−4) + 2× (3¯,1, 2) + 2× (1,1, 0),
φ3 : 2× (3,2, 1) + 2× (1,2,−3) + (1,1, 6,−1)
+ (3¯,1,−4) + (3¯,1, 2) + (1,1, 0), (7)
which can be named as
Vµ : Gµ +Wµ +Bµ,
φ1 : hu + hd + φa + ta + t¯a,
φ2 : Q3 + L3 + e
c
a + u
c
a + d
c
a + ν
c
a,
φ3 : Qa + La + e
c
3 + u
c
3 + d
c
3 + ν
c
3, (8)
with a = 1, 2. This is the MSSM field content plus
three right handed neutrinos, two flavon singlets,
and two vector-like triplets.
Any consistent QFT must be anomaly free. This
theory has an E8 gauge symmetry and 10d bulk mat-
ter arising from the gauge supermultiplet V(248) ∼
248, which is made of a 10d vector field and a 10d
Majorana fermion. The representation is real and
the fermions are Majorana, therefore the fundamen-
tal 10d theory is anomaly free. However, anomalies
may arise in the compactified theory [16].
In order to explore the consequences of this in
the effective low energy theory, consider an orbifold
T 6/(Z6 × Z2), where any bulk field can be decom-
posed as a Fourier like series of extra dimensional
rotation SO(6) modes, separated by orbifold trans-
formation eigenstates
Ψ(x, zi) =
∞∑
s=0
5∑
n=0
1∑
m=0
ψn+6s,m+s(x)fn+6s,m+s(zi),
(9)
with fn,m as the orbifold eigenstates with
Rfn,m(zi) = α
n(−1)mfn,m(zi),
where R is the representation of the Z6 × Z2 rota-
tion acting on the superfield. Their explicit form
is not required for this analysis, up to the fact that
f00(zi) = f00 is a constant. The Vµ, φ1,2,3 all decom-
pose as Ψ. It is important to note that the original
(248) representation is decomposed into 12 differ-
ent representations (one for each (n,m) value) of
the unbroken gauge group, each one with a different
eigenvalue under the orbifold rotation.
After compactification (integrating out the extra
dimensions), a 10d field Ψ(x, zi) ∼ 248 is repre-
sented as an infinite tower of 4d ψs(x) (s = 1 . . .∞)
fields, each one being a (248) of E8. Thus, at this
stage the theory is still anomaly free. Now one must
determine the low energy effective theory. Recall
that, as mentioned above, the low energy theory will
be composed of the zero modes obtained by com-
pactification involving both rotation and translation
boundary conditions. Thus, the complete set of zero
-massless - modes in the low energy theory are ob-
tained by identifying those associated to the rotation
boundary conditions and subtracting those that get
a mass from a Wilson line induced VEV. The zero
modes associated to the boundary conditions in the
compactification are identified as usual, by finding
the fn,m(zi) eigenfunctions of the ED derivatives
with 0 eigenvalue. All others are massive modes and
become arranged into vector-like pairs (to obtain a
mass term). A very interesting observation is that if
a specific mode is in a representation where both it-
self and its complex conjugate lack zero modes, then
they pair up inside the same s set to form a mass
term. If not, then the complex conjugated represen-
tation of the zero mode is paired with the one from
s+1 set. This way all the non-zero modes are paired
up into vector-like pairs, canceling all anomalies not
associated to the zero modes. This would require the
zero modes to be anomaly free by themselves, some-
thing that is not automatic in general. In the model
presented in this letter one sees that the zero modes
obtained by the full orbifold compactification, listed
in Eq. (7), are anomaly free for the remaining gauge
symmetry.
As a final check, one must consider that in orb-
ifolds there are singular points where additional
anomalies can arise [17]. The fixed points, due to
their discontinuous nature, can only be studied con-
sistently in the gauge where the Wilson lines induced
a VEV, namely in the low energy unbroken gauge
symmetry. The orbifold used in this construction
has the following 27 fixed points (with α = eipi/3)
z¯4d =
(
x,
{
0,
1 + α
3
,
2 + 2α
3
}
,
{
0,
1
3
,
2
3
}
,
{
0,
1
3
,
2
3
})
.
(10)
Each transformation will leave some points invari-
ant, and will permute the others. After applying all
transformations, these points can only have the SM
gauge symmetry with representations in Eq. (7) as
field content. Therefore they are anomaly free.
Note that if this was string theory (or a string
motivated model), the string would decompose into
KK modes plus winding modes. They both would
share the same zero mode, thus not forming com-
plete (248) representations. In this case, anomalies
would be generated by the (rotation boundary con-
dition) zero modes not allowing a consistent Wilson
4
line breaking. Since most of the E8 extra dimen-
sional models are string related, this is the usual
choice considered and additional representations of
fields must be introduced to cancel the anomalies.
In conclusion, the complete E8 unified model in
10d, composed of the single vector superfield of
the gauge symmetry, compactified on the orbifold
T 6/(Z6 × Z2) including its associated Wilson line
induced VEVs, leads to a low energy model with
field content given in Eq. (7). This field content cor-
responds to the MSSM field content plus three right
handed neutrinos, two singlets, and two vector-like
triplet pairs. Thus, this set up is anomaly free un-
der the remaining SU(3)C × SU(2)L × U(1)Y SM
gauge group at all energies below the compactifica-
tion scale, as desired. An investigation of the phe-
nomenological aspects of this scenario is currently
being pursued.
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